The incidence of astrovirus infection was determined among infants and young children admitted to Alice Springs Hospital (central Australia) with gastroenteritis from 1995 to 1998. Astrovirus was detected by reverse transcription-PCR in 33 of 495 stool samples, and this represented 4.3% of a total of 774 stool samples tested for astrovirus, rotavirus, and Norwalk-like viruses. Astrovirus incidence was substantially lower than that of rotavirus but higher than that of Norwalk-like viruses both overall and in each of the 4 years individually. Over the period from 1981 to 1998, including the period from 1981 to 1994 during which astrovirus was identified only by electron microscopy, astrovirus serotypes (deduced from genotypes) 1, 2, 3, and 4 were identified. Deduced serotypes 1, 3, and 4 all appeared regularly over this 18-year period. Also over this period, nucleotide variation (in some cases substantial) in a section of the capsid protein precursor region of the virus genome was evident among strains of all four of the deduced central Australian serotypes. Consequent amino acid changes were, however, only evident among deduced serotype 3 strains. Geographic variation at both the genome and the resultant amino acid levels was evident among strains of all four of the deduced central Australian serotypes and their respective prototypes isolated in the United Kingdom.
Astroviruses, so called because of the characteristic five-or six-pointed star visible on some particles when viewed by electron micoscopy (1, 12) , are small, nonenveloped, single capsid layered viruses with a positive-sense single-stranded RNA genome (14) . Three open reading frames (ORFs)-ORF1a, ORF1b, and ORF2-have been identified in the genome. The first two encode the viral protease and polymerase, respectively, whereas ORF2, at the 3Ј end of the genome, encodes the capsid protein precursor (9, 21) .
Astroviruses have been classified into serotypes by using polyclonal sera or monoclonal antibodies (14) . However, astroviruses have also been able to be classified into genotypes on the basis of the sequence of a 348-bp section of the capsid gene region of ORF2. This is conserved in virus strains of the same serotype but varies between strains of different serotypes that have been determined by serological methods (17) . As good correlation was found between genotype and serotype (17) , this proxy method of serotyping by reverse transcription-PCR (RT-PCR) and sequencing has been used in surveys for astrovirus types in recent years (15, 16, 18) . Serotype-specific primers designed to identify all eight known astrovirus serotypes have also recently been used to type astroviruses in a survey in Japan (19) .
Although astroviruses have been known to be associated with gastroenteritis since 1975 (1, 12) , it has only in relatively recent years been found how widespread their role in particularly infantile gastroenteritis is (7) . This has in part been due to the improvement in diagnostic and/or detection methods (7) . In fact, some reports have shown that in certain settings astrovirus is second only to rotavirus as the most common cause of diarrhea in children (7) .
Astroviruses have mainly been found to be associated with sporadic outbreaks of diarrhea in children, occurring in such settings as hospital children's wards, day care centers, kindergartens, and schools (7) . The main symptoms of infection are watery diarrhea (often associated with vomiting), fever, and abdominal pain (14) . However, diarrheal outbreaks among adults caused by astroviruses have also been described, having been found to occur in nursing homes for the elderly and among military recruits (2, 7) . Asymptomatic infections also occur (5, 13) .
The incidence of astrovirus-associated diarrhea in developed countries has, from different surveys, ranged from 2 to 6% (3, 4, 16, 18, 19) . In developing countries the incidence has often been higher, ranging up to 26% of all children with diarrhea in a study of a Mayan community (5, 6, 8, 13) . Surveys have also shown that serotype 1 is the most frequently detected diarrheacausing type, with serotypes 2, 3, 4, and 5 being less common (11, 16, 18, 19) . Serotypes 6, 7, and 8 have rarely been detected.
We determined the prevalence and monthly distribution of astrovirus infections in infants and young children with gastroenteritis admitted to Alice Springs Hospital in central Australia over the 4-year period from 1995 to 1998. Also, a number of similarly collected astrovirus-positive stool samples were available from the 14 years prior to this period, although these were most probably relatively restricted in number due to the method of virus detection that was used. However, enough were available to allow us to also report on variations in deduced astrovirus serotypes and relative genomic variation be-tween different strains within serotypes over the 18-year period from 1981 to 1998.
MATERIALS AND METHODS
Stool samples. Stool samples were obtained from infants and young children admitted to Alice Springs Hospital with gastroenteritis from 1981 to 1998. The hospital serves an area of central Australia within an ϳ500-km radius of Alice Springs and a total population of ca. 25,000. For the survey of the incidence of astrovirus, carried out from January 1995 to December 1998, stool samples that were negative for rotavirus and Norwalk-like viruses were used. Rotavirus had been tested for by using commercial enzyme immunoassay and electron microscopy, and Norwalk-like viruses had been tested for by using RT-PCR (20) . A total of 495 samples, 153 from 1995, 111 from 1996, 119 from 1997, and 112 from 1998 were tested for astrovirus. For the period from 1981 to 1994, only stool samples that had been shown to contain astrovirus by electron microscopy were available for testing. The ages of the children from whom stool samples were tested for astrovirus ranged from 3 weeks to 5 years. This study was approved by the Alice Springs Institutional Ethics Committee and the La Trobe University Human Ethics Committee.
Extraction and purification of viral RNA. Viral RNA was extracted and purified from 400 l of ca. 20% stool suspension according to the method of Jiang et al. (10) for Norwalk virus. Briefly, this involved genetron extraction and polyethylene glycol precipitation of virus, followed by proteinase K, sodium dodecyl sulfate, and cetyltrimethylammonium bromide (CTAB) treatment before extraction with phenol-chloroform and finally chloroform alone. The RNA was ethanol precipitated at Ϫ20°C and after pelleting and vacuum drying it was resuspended in 20l of sterile distilled water and stored at Ϫ80°C until required.
Virus detection and RT-PCR. Virus was detected by RT-PCR analysis of extracted viral RNA by using the previously published universal astrovirusspecific primer pair Mon269 and Mon270 of Noel et al. (17) , which amplifies a 449-nucleotide (nt) region of ORF2 of the astrovirus genome. The conditions employed were the same as those of Noel et al. except that the gelatin and dimethyl sulfoxide were omitted. Bands at ca. 449 nt relative to known size markers on 2.0% agarose gels were considered indicative of the presence of astrovirus. These bands were then confirmed as being of astrovirus origin by Southern blot analysis.
Southern blot analysis. Probes were prepared by extraction of RNA from prototype astrovirus serotypes 1 to 7 (obtained from J. Kurtz and T. Lee, John Radcliffe Hospital, Oxford, United Kingdom), followed by RT-PCR as outlined above. The astrovirus cDNA was then labeled with digoxigenin according to the manufacturer's instructions (Roche Biochemicals, Mannheim, Germany). For hybridization, bands were transferred from agarose gels to nylon membranes by alkaline transfer and then probed with an equal mix of the seven prototype astrovirus serotype probes. The mix had been tested to detect each of the seven astrovirus serotypes. Formamide was not used, the hybridization temperature was 55°C, and the two final washes were carried out with 0.1% citrate saline plus 0.1% sodium dodecyl sulfate at 55°C. Although only probes from astrovirus serotypes 1 to 7 were used, it was considered that astrovirus serotype 8 would also have been detected as a result of the cross-reactions that are obtained between probes from the different serotypes.
Nucleotide sequencing and astrovirus genotyping. RT-PCR products (cDNA bands at 449 nt) that gave a positive reaction with the astrovirus cDNA probes were excised from agarose gels and further purified by using the QIAEX II DNA purification kit (Qiagen) according to the manufacturer's instructions. Manual sequencing was carried out by using the Thermo-Sequanase radiolabeled terminator cycle sequencing kit (Amersham Pharmacia Biotech) after a pretreatment of the purified cDNA samples with the enzymes from the Amersham Pharmacia Biotech PCR product presequencing reagent kit according to the manufacturer's instructions. Sequences were generated in both directions with the primers Mon269 and Mon270 used for the RT-PCR, and a consensus sequence for each of the isolates was deduced for the resulting 348-nt product (17) . The genotypes, and hence the proxy serotypes, of the isolates were then determined by comparison of these sequences with those of the prototype astrovirus serotypes (18) . The equivalent sequence for astrovirus serotype 8 was obtained from the GenBank database. A strain was defined as such when the sequence differed from that of another of the central Australian isolates by at least 1 nt.
Nucleotide sequence accession numbers. The nucleotide sequences determined in the present study have been deposited in the GenBank database and have been assigned accession numbers AF440292 to AF440309 and AF440791 to AF440797.
RESULTS

Epidemiology.
Over the 4-year period from January 1995 to December 1998 the incidence of astrovirus was found to be 4.3%, having been identified in 33 of an overall total of 774 stool samples from children in Alice Springs Hospital with gastroenteritis during this period. The yearly incidences were 4.3% in 1995, 4.3% in 1996, 1.8% in 1997, and 6.6% in 1998 (Table 1) . Overall, and in each of the 4 years the incidence of astrovirus was substantially lower than that of rotavirus but was higher than that of Norwalk-like viruses ( Table 1 ). The overall incidence of rotavirus was 34.5%, and that of Norwalk-like viruses was 1.6%. The ages of the children from whom the astrovirus-positive stools came ranged from 6 weeks to 2.5 years. Of these, approximately half were under 12 months of age.
The monthly distribution of astrovirus identification is shown in Fig. 1 . There was no consistent seasonal incidence over the 4 years of the survey, but the positive cases were detected in the colder months in 3 of the 4 years, in the winter months in 1995, and exclusively in the colder months in 1997 and 1998. However, no astrovirus-positive cases were detected in these months in 1996. Positive cases were also identified in the very hot summer months at the end of 1995 and the beginning of 1996. It was also of interest that the 11 cases of astrovirus infection detected in 1993 were all in the four coldest months of the year.
Astrovirus serotypes (deduced from genotypes) detected. Serotypes 1, 2, 3, and 4 were identified in central Australia over the period 1981 to 1998. In the survey period (1995 to 1998), serotypes 1 and 4 were each detected in 3 of the 4 years and serotypes 2 and 3 were each detected in 2 of the 4 years ( Table  2) . No one serotype was therefore detected in each of the 4 years. More than one serotype was, however, detected in each of the 4 years ( Table 2 ).
In the period prior to 1995 serotype 3 was identified in 5 of the 9 years in which astrovirus was detected, serotype 1 in 4, serotype 4 in 3, and serotype 2 only in 1981 ( Table 2 ). The incidence of astrovirus in this period cannot be compared directly to that in the period from 1995 to 1998 because of the lower sensitivity of electron microscopy compared to RT-PCR for the detection of astrovirus. However, overall, it can still be concluded that serotypes 1, 3, and 4 appeared consistently and at relatively regular intervals throughout the 18-year period from 1981 to 1998. It can also be noted that a relatively major outbreak of gastroenteritis attributable to astrovirus serotype 1 appears to have occurred in 1993 ( Table 2) . Genomic variation among astrovirus isolates. (i) Deduced serotype 1. Over the period of 17 years (1982 to 1998) in which serotype 1 (deduced from genotype) astrovirus strains were identified in central Australia, the differences in nucleotides between strains in the sequenced 348-nt region of the genome varied by up to a maximum of 7.2% (25 nt) ( Table 3) . This difference was between strain CAV1C (year 1993) and strain CAV1F (year 1996). The difference between strains detected in 1982 to 1985 (CAV1A) and 1998 (CAV1G), the extreme ends of the period under study, was not as large but of the same order at 5.7% (Table 3) . Interestingly, strain CAV1A was identified over a period of 4 years (1982 to 1985) without any detected change in the 348-nt sequence. Of more significance, however, was the fact that over the 17-year period none of these nucleotide changes among the central Australian deduced serotype 1 strains translated into amino acid changes ( Table 3) . As well as the observed genome variation among strains, the determined sequences of a number of the deduced serotype 1 isolates in addition to those of strain CAV1A were identical. This included 10 isolates of strain CAV1B, 4 isolates of strain CAV1D, 5 isolates of strain CAV1F, and 7 isolates of strain CAV1G.
Nucleotide sequence differences between the central Australian deduced serotype 1 strains and the prototype strain isolated in the United Kingdom varied between 2.9 and 8.9% (Table 3) . In contrast to the situation among the central Australian strains, four of these nucleotide differences resulted in amino acid changes. All of the central Australian strains differed from the United Kingdom prototype by the same four amino acids.
(ii) Deduced serotype 2. Although serotype 2 (deduced from genotype) was less frequently identified than any of the other astrovirus serotypes detected in central Australia, the highest degree of nucleotide sequence variation was found among these strains. Deduced serotype 2 strains were identified over a 16-year period (from 1981 to 1996), but with the greatest difference of 14.1% (49 nt) being between strains CAV2B (December 1995 and early 1996) and CAV2C (November 1996), detected less than a year apart (Table 4) . However, a similar difference (13.8%) was evident between strains a In the years prior to 1995, astrovirus was identified only by electron microscopy, and those astrovirus isolates were typed. In the years not listed in the table, astrovirus was not identified. In the years 1995 to 1998, astrovirus was detected by RT-PCR. See the text for further details.
b For the years 1981 to 1994, the number of astrovirus isolates identified and typed is given. For the years 1995 to 1998, the number of samples tested is given, with the number of astrovirus-positive samples detected and typed provided in parentheses.
CAV2A (year 1981) and CAV2B (Table 4) . Interestingly, the difference in nucleotides between strains CAV2A and CAV2C was only 1.1% despite this being over a 16-year period. In spite of the substantial nucleotide variations between some of the strains, all were silent with respect to amino acid coding (Table  4 ). In addition to the genome variation, two strain CAV2A and two strain CAV2B isolates were identical in the determined genome sequence.
The nucleotide differences between the central Australian deduced serotype 2 strains, and the prototype strain isolated in the United Kingdom ranged from 5.7 to 13.9%, and one of these differences resulted in an amino acid change. The amino acid was the same for all of the central Australian deduced serotype 2 strains identified.
(iii) Deduced serotype 3. Serotype 3 (deduced from genotype) was identified in central Australia over the period of 17 years (1982 to 1998), and the maximum difference in nucleotides between strains was similar to that for the deduced serotyps 1 strains, varying by up to a maximum of 7.5% (26 nt). This was between strains CAV3A (year 1982) and CAV3H (year 1998) ( Table 5 ). In contrast to the deduced serotype 1 strains, the maximum difference among the deduced serotype 3 strains was between strains identified at the two extremes of the time period under study. Also, in the case of the deduced serotype 3 strains, the nucleotide differences were not all silent. All strains identified after CAV3A differed by one amino acid from this strain, and strain CAV3H varied from the other deduced serotype 3 strains by a different amino acid. Strains CAV3A and CAV3H therefore differed by two amino acids (Table 5 ). Relative to the frequency of appearance, fewer isolates among the deduced serotype 3 strains were identical in the determined genome sequence, with only two strain CAV3C isolates identical.
Central Australian deduced serotype 3 strains varied in the determined nucleotide sequence from the prototype serotype 3 strain isolated in the United Kingdom by up to 4.9% (strain CAV3A). Strains CAV3A and CAV3H each differed from the prototype strain by one amino acid, but the amino acid sequences of all of the other central Australian deduced serotype 3 strains were identical to that of the prototype strain after translation of this region of the genome (Table 5) .
(iv) Deduced serotype 4. Serotype 4 (deduced from genotype) was also identified in central Australia over the 17-year period (1982 to 1998), with the maximum difference in nucleotides between strains in the sequenced region of the genome being 9.8% (34 nt) between strains CAV4F (year 1997) and CAV4G (year 1998) detected 10 months apart ( Table 6 ). The difference between the strains identified in 1982 (CAV4A) and 1998 (CAV4G) was 6.6% (Table 6 ). As in the case of the deduced serotype 1 and serotype 2 strains, none of the nucleotide differences translated into amino acid changes (Table 6) . It was also noted that three strain CAV4D and three strain CAV4G isolates were identical in the determined genome sequence.
In common with the other central Australian deduced astrovirus serotype strains relative to their respective prototype strains, all of the central Australian deduced serotype 4 strains differed in nucleotide sequence from the prototype serotype 4 strain isolated in the United Kingdom. In this case by from 3.4% to up to 9.2%, with the maximum difference being for strain CAV4F (year 1997) ( Table 6 ). All of the central Australian deduced serotype 4 strains differed from the prototype strain by one amino acid (Table 6 ), the same one in each case.
DISCUSSION
The results of this survey suggest that astrovirus is a consistent enteric pathogen among infants and young children in central Australia, ranking well behind rotavirus but ahead of Norwalk-like viruses. The incidence, which may be a slight underestimate since rotavirus-positive and Norwalk-like viruspositive stools were not tested and simultaneous infection with astrovirus and rotavirus is possible, was comparable to that found in surveys carried out in developed countries. This appeared to be irrespective of whether the virus had been detected via the genome or by enzyme immunoassay (3, 16, 18, 19) . The incidence was lower than that generally found in studies in developing countries (5, 6, 8, 13 ). Astrovirus infection usually shows annual winter peaks in studies carried out in temperate climates (14) and, based on the results of the 1995 to 1998 survey period, this is possibly also the case in central Australia, with 1996 perhaps having been an unusual year. The apparent winter astrovirus outbreak of 1993 adds weight to this argument. However, a longer survey will be necessary to establish this more conclusively. The summer peak of 1995 to 1996 was possibly exceptional not only for its time of occurrence but also in that it appeared to be associated only with the generally less commonly detected serotypes 2 and 4.
Melbourne, a large metropolitan city with a population of ca. 3.5 million, is the only location in Australia for which detailed data on the incidence of astrovirus serotypes has so far been published. In common with the results of surveys carried out in other parts of the world serotype 1 was the most frequently detected type in surveys carried out in that city (16, 18) . Alice Springs, a very small city, and rural central Australia in which the present study was carried out, are very different compared to Melbourne, and in central Australia the situation with respect to predominant astrovirus serotypes is not as clearcut. The frequency of appearance of serotype 4 was the same as that of serotype 1 in the survey years from 1995 to 1998, although the actual number of cases of serotype 1-associated infection was higher. Despite the fact that we were not able to make a direct comparison with the 1995 to 1998 period because of the more-sensitive method of astrovirus detection used then, it was of interest that the frequency of appearance of astrovirus serotypes 1, 3, and 4 over the 14-year period prior to 1995 was comparable to that observed over the 1995 to 1998 survey period. Serotype 3 was actually slightly more frequently detected in the earlier period. Overall, therefore, it would appear that in central Australia astrovirus serotypes 1, 3, and 4 are in constant circulation, with possibly one of these serotypes occasionally causing more-prominent outbreaks. It was also of interest that, whereas serotype 3 was very regularly detected over the 18 years of the central Australian study, including the last 4 survey years of 1995 to 1998, serotype 3 was not detected at all in the Melbourne studies (16, 18) . This suggests that there may be a regional incidence for some astrovirus serotypes. None of the rarely detected astrovirus serotypes were identified in central Australia, nor was the less commonly detected serotype 5, which had been identified in Melbourne (18) . One case of serotype 8 infection had also been detected in Melbourne (16) . It would not have been surprising to see the occasional introduction of other serotypes of astrovirus into Alice Springs and central Australia since, although relatively isolated geographically, they are major national and international tourist destinations.
The present study involved only the incidence of astrovirus in acute cases of gastroenteritis, cases severe enough for the children to have been admitted to hospital, and therefore it may be that other astrovirus serotypes causing clinically less severe symptoms and not resulting in hospitalization of the children may have remained undetected in central Australia. A more community-based study will be required to determine this. Asymptomatic cases of astrovirus infection have been detected in such surveys (5, 13) . Such a study could also determine whether serotype 2 infection occurs but is relatively rare in central Australia, as it appears from the present study, or whether serotype 2 is just more likely to be associated with infections causing less-severe symptoms.
Genome sequence variation was found among central Australian deduced serotype 1 astrovirus strains, but the fact that none of the nucleotide changes translated into amino acid changes over the long period of 17 years indicates significant stabilty. The results are comparable with the findings of Mustafa et al. (16) and Palombo et al. (18) in their analysis of the same 348-nt region of ORF2 of such strains in their Melbourne astrovirus surveys, although Mustafa et al. did find one amino acid change occurring among the serotype 1 isolates they investigated over the 4 years of their survey. The lack of any amino acid changes among the central Australian deduced serotype 1 strains, despite the nucleotide changes, could be related to the fact that this 348-nt region of ORF2 is in a relatively conserved part of the astrovirus capsid protein precursor gene (22) . Analysis of the more variable 3Ј end of ORF2 may give a better indication of genomic and potential antigenic diversity, as also suggested by Mustafa et al. (16) . Geographic variation between the central Australian deduced serotype 1 strains and the United Kingdom prototype serotype 1 strain was more pronounced, with differences between the central Australian and United Kingdom strains evident at not only the nucleotide level but more particularly also at the amino acid level. Medina et al. (15) and Mustafa et al. (16) also reported significant variation among astrovirus isolates from different countries.
Genomic variation, particularly among some of the central Australian deduced serotype 2 strains and also among some of the deduced serotype 4 strains, was relatively high, and it is tempting to suggest that strain CAV2B may be a recent introduction into the region or the result of recombination in a dual infection. However, at the amino acid level variation among the deduced serotype 2, 3, and 4 strains was in general similar to that among the deduced serotype 1 strains, underlining a general long-term stability. That the relatively large nucleotide differences between particularly some of the central Australian deduced serotype 2 strains did not lead to amino acid differences is surprising, but perhaps just underlines the stability in amino acid structure required in this region of the capsid protein. Whether the amino acid differences specifically between the central Australian deduced serotype 3 strains and generally between the central Australian strains and their respective United Kingdom prototype strains is indicative of any antigenic difference has yet to be determined.
Astrovirus has been shown to be an enteric pathogen of some importance in central Australia, with serotypes 1, 3, and 4 and, to a lesser extent, serotype 2 circulating relatively stably in the region. It is long-term or continuing surveys such as this one, in combination with other such studies, thereby allowing comparisons to be made on a broader national and international level, that are required in the determination of whether the development of an astrovirus vaccine would be worthwhile. Such studies will also be required in the prospective formulation of any such vaccine.
